1. There are two saturable transport processes in the monkey small intestine for glycyl-L-leucine, one with V,,,,,, 1 pmol min-I g-I wet weight of tissue and an affinity constant (kt) of 5 mmol/l, and the other with V,,,,,. 3 a9 pnol min-l g-l wet weight of tissue and k, 33 mmol/l.
Introduction
In the mammalian intestine, transport of peptides may be physiologically and nutritionally more important than the transport of amino acids. A number of studies have established the distinct nature of these two transport systems (for a review, see Matthews, 1975; Das & Radhakrishnan, 1976) . However, there is still enough ground to believe that these two transport systems may not be as distinct as they were once thought to be. Some studies (Adibi, 1971 ; Rubino, Field & Shwachman, 1971 ; Caspary, 1973) have provided evidence to show that dipeptides and amino acids might compete with each other during transport. Another further complication is the observation that a number of amino acids inhibit the peptide hydrolases, thus affecting the rate of hydrolysis of dipeptides (Addison, Burston & Matthews, 1972 ; Uzman, Rumley & van der Noort, 1963; Cheeseman & Smyth, 1971 , 1975 and possibly the rate of dipeptide transport. In these earlier studies, a crude homogenate of the intestinal mucosa was used as the enzyme source and hence it was not possible to check the difference between the brushborder and the cytosol dipeptide hydrolases. Also, the role of peptide hydrolases in the transport of peptides is not yet well understood. In the present work, with monkey intestine, brush-border and cytosol dipeptide hydrolases have been reasonably separated from one another and the effects of various amino acids on the activity of these enzymes were studied. Some work has also been done on the effect of a variety of amino acids on the uptake of glycyl-L-leucine.
Materials and methods

Materials
Unlabelled glycyl-L-leucine was obtained from Sigma Chemical Company, U.S.A. GIYcYI-L-[ 14Clleucine (specific radioactivity 2 1 mCi/mmol) was purchased from The Radiochemical Centre, Amersham, Bucks., U.K. All amino acids (A grade) were of L-configuration and were from California Corporation for Biochemical Research, U.S.A.
Dioxan used in the scintillation mixture was obtained from British Drug Houses Ltd. Naphthalene was purchased from Eastman Organic Chemicals and 2,5-diphenyloxazole (PPO) and Cab-o-Sil from Packard Instrument Company, U.S.A. All other chemicals were of analytical grade.
Glycyl-~-['~C lleucine was first checked for radiopurity by paper chromatography with propan-2-ol/water (4: I , v/v) as the solvent system. The radioautogram of the chromatographic paper after development showed a slight contamination of radioactive impurities. In a separate experiment it was found that the sample did not contain any other ninhydrin-positive material. To obtain the radiopure peptide, the same paper-chromatographic procedures were employed, but with larger quantities of the peptide sample. By use of the radioautogram of the guide strips, the portion of the paper containing the dipeptide was cut out and chromatographically eluted with HCI (2 mmol/l).
Glycyl-~-[ I4C lleucine thus obtained (recovery, 94%) was found to be free of contaminant radioactive impurities. This radiopure glycyl-~-IL4C1leucine was used in the crucial initial studies designed to establish the inhibition of glycyl-Lleucine transport by amino acids. The contaminant radioactive impurities did not show any interference in the transport studies as shown by experiments with glycyl-~-[ 14C]leucine before and after purification. For subsequent studies, glycyl-L-1 I4Clleucine obtained commercially was used as such.
Uptake experiments
The procedure for the uptake experiments in vitro was essentially the same as described by Das & Radhakrishnan (1 975). After killing the monkeys under Nembutal anaesthesia, the entire small intestine from the pyloric end to the ileocaecal end was taken out. It was washed with ice-cold oxygenated Krebs-Ringer bicarbonate buffer (Umbreit, Burris & Stauffer, 1964) , pH 7 4 , containing 5% glucose, and then everted with a glass rod. The region of the intestine used in all these studies was at a distance of 3 5 4 0 % of the total length of the intestine from the pyloric end, because an earlier study (Das & Radhakrishnac, 1974) has shown this region to be the most active site for amino acid and dipeptide uptake. Small rectangular strips (whole wall) from this region of the intestine, weighing approximately 30-40 mg, were used.
Each intestinal strip was incubated with the dipeptide solution in 0.5 ml of Krebs-Ringer bicarbonate buffer, pH 7.4, containing 5% glucose. D-Mannitol was used to equalize the osmolality of the solutions. Whenever basic or acidic amino acids were used, the pH of the solution was adjusted to 7.4 with either NaOH or HCI. All the incubations were carried out at 37OC for 2 min, except where otherwise mentioned. The uptake of glycyl-L-leucine was found to be linear over a 2 min period. After incubation, the strip was gently blotted on a filter paper and weighed. The tissue was then digested in a scintillation vial with 0.5 ml of NaOH (2 mol/l) at 75"C for 2 h. After digestion, 0.5 ml of water and 10 ml of scintillation mixture were added. The scintillation mixture contained naphthalene (lo%), 2,5-diphenyloxazole (0.5%) and Cab-o-Sil (3%) in dioxan. The radioactivity was counted in a liquid-scintillation spectrometer (Packard, Tricarb, model 3 14E, or Beckman, model LS-100).
Extracellular space was determined as described by Das & Radhakrishnan (1974) . The tissue was incubated with I3H]inulin under the same conditions as the dipeptide solutions and the radioactivity determined as described above. The extracellular fluid for a 2 min incubation period was found to be 5% of the wet weight of the tissue. The average total water content (obtained by drying the tissue at 1lO"C for 12 h) was 78 k 3% of the wet weight of the tissue, as determined separately on four different samples.
Preparation oysoluble and particulate fractions
After the monkeys were killed under Nembutal anaesthesia, the entire small intestine from the pyloric end to the ileocaecal end was taken out. The intestine was washed with ice-cold KCI (0.154 mol/l) and cut open longitudinally. The mucosa was scraped off and a 2090 homogenate prepared with phosphate buffer (0.02 mol/l), pH 7.0. The phosphate buffer was prepared from NaH,PO, and Na,HPO,. The homogenate was filtered through nylon cloth (St Martins Bolting Cloth 9N, Henry Simon Ltd, Cheshire, U.K.) to remove the unbroken cells. The filtrate was centrifuged at 105 OOO g for 60 min (Beckman Spinco, model L, rotor type 50) to obtain the 'soluble fraction'. The pellet was washed thrice by resuspending it in phosphate buffer (0.02 mol/l), pH 7-0, and centrifuging at 105 OOOg for 60 min. The washed pellet was designated as the 'particulate fraction'.
Enzyme assay A modification of the chromatographic method described by Das & Radhakrishnan (1973) was used to assay glycyl-L-leucine hydrolase activity. The standard assay mixture contained glycyl-Lleucine (2.5 pmol), Tris/HCl buffer, pH 7.8 (5 pmol) and the enzyme in a total volume of 0.05 ml. After incubation at 37OC for 5 min, the reaction was stopped by placing in a boiling-water bath for 1 min. This was effective in inactivating the enzyme instantaneously, as seen by no detectable hydrolysis when similar heating was carried out at zero time. Portions of the assay mixtures were spotted on Whatman no. 1 paper and descending chromatograms were developed with propan-2-ol/water (4 : 1, v/v) as the solvent system. After airdrying, the paper was uniformly sprayed with 0.5% ninhydrin in acetone/water (19 : 1, v/v). The spots containing leucine were cut out and eluted with 4 ml of ethanol/water (3 : 1, v/v). To this was added 0.04 ml of copper sulphate solution (3 g/100 ml) in water. The intensity of the red colour obtained was read at 510 nm. This method can be used to quantify leucine in the range 0 . 0 1 4 125 pmol. Since the effect of other amino acids on glycyl-Lleucine hydrolase activity was checked, paper chromatography provided a convenient procedure to separate the various components of the assay mixture. Also, this method was far more convenient than ion-exchange procedures to monitor a large number of assay mixtures.
It has been shown that p-hydroxymercuribenzoate (0-1 mmol/l) completely inhibited cytosol peptide hydrolases but did not affect the brushborder peptide hydrolases, with L-phenylalanylglycine and glycyl-L-phenylalanine used as substrates (Heizer, Kerley & Isselbacher, 1972) . In the present study, the effects of p-hydroxymercuribenzoate on the cytosol and the brush-border peptide hydrolases were checked with glycylglycine and glycyl-L-leucine as substrates. Although p-hydroxymercuribenzoate (0.1 mmolh) did not inhibit the brush-border peptide hydrolases, it inhibited the cytosol peptide hydrolases by about 92-100%. So, whenever the brush-border peptide hydrolase activity was assayed, the assay mixture contained p-hydroxymercuribenzoate (0.1 mmol/l) to inhibit the cytosol peptide hydrolases which might be present as contaminant.
Results
Kinetic characteristics of glycyl-L-[ 14Clleucine uptake
The effect of concentration of glycyl-L-[l4C1leucine in the medium on the rate of accumulation of radioactivity inside the mucosal cell was studied. The results shown in Fig. 1 as the Lineweaver-Burk plot suggest the presence of two saturable processes, one with V,,,,,, 1 pmol min-I g-I wet weight of tissue and an affinity constant (k,)
of 5 mmol/l, and the other with V,,,,,. 3.9 pmol min-I g-' wet weight of tissue and k, 33 mmol/l. In an earlier study (Das & Radhakrishnan, 1975) , the k, value for glycyl-L-leucine uptake was 4 mmol/l in monkey and 2.5 mmol/l in man. However, that experiment was done employing only a narrow range of concentration (0.5-5 mmol/l) of the dipeptide. The present study, with a wider range of concentration (0.5-50 mmol/l), confirms the presence of this high-affinity system and reveals the presence of another relatively low-affinity system. The existence of two saturable uptake processes for a dipeptide has earlier been observed in rabbit ileum by Rubino Table 1 . The uptake of the dipeptide is inhibited by neutral amino acids, basic amino acids and by the imino acids, proline and hydroxyproline. The acidic amino acids (glutamic acid and aspartic acid) are only marginally inhibitory. But, the corresponding amides, glutamine and asparagine, are potent inhibitors. Phenylalanine, methionine, alanine and leucine are strong inhibitors of glycyl-~-~'~C]leucine. The inhibition of glycyl-L-[ 14Clleucine uptake by other dipeptides is very marked (Das & Radhakrishnan, 1975) and it should be mentioned that, in general, the effect of amino acids, with the possible exception of phenylalanine, methionine, alanine and leucine, is relatively low when compared with the effect of dipeptides.
Kinetics of inhibition
The kinetic nature of inhibition of glycyl-L-[14C]leucine uptake by amino acids was also studied with leucine as the inhibitory amino acid and the results are given in Fig. 2 as LineweaverBurk plots. The inhibition is clearly of a competitive nature. This experiment shows that leucine inhibits the low-affinity transport system (k, = 33 mmol/l). But, in this experiment, the concentration of the dipeptide was varied over the range 5-50 mmol/l. However, that the amino acids inhibit the high-affinity transport system (k, = 5 mmol/l) as well is clear from the fact that inhibition is seen with these amino acids when the dipeptide concentration is only 2 mmol/l (Table I) , where probably the high-affinity transport system accounts for the total uptake of the dipeptide.
Effect of amino acids on the enzymic hydrolysis of glycyl-L-leucine
The inhibition of dipeptide uptake by free amino acids observed by some investigators (Adibi, 197 Caspary, 1973) has been explained on the basis that some amino acids retard the rate of hydrolysis of dipeptides and such an effect will lead to an in increase in the peptide concentration within the mucosal cells, accompanied by a secondary decrease in the rate of peptide entry because of the drop in the concentration gradient. If this is true, the inhibition of g l y c y l -~-[~~C lleucine uptake should be seen only with those amino acids which retard the hydrolysis of glycyl-L-leucine by the cytosol fraction of the mucosal homogenate. In the present study, the effect of a wide variety of amino acids on glycyl-L-leucine hydrolysis was checked in both cytosol and particulate fractions of monkey intestinal mucosa. The results are shown in Table   L .
Most of the amino acids retard the hydrolysis of glycyl-L-leucine. However, glycine, proline, alanine and glutamic acid do not inhibit hydrolysis of this dipeptide either by the cytosol or by the particulate fraction. Generally, particulate glycyl-L-leucine hydrolase activity seems to be less susceptible to amino acid inhibition than the cytosol glycyl-Lleucine hydrolase activity. Cysteine inhibits both the activities completely. Norleucine and 3,4-dhydroxyphenylalanhe also inhibit the hydrolysis significantly. Lysine inhibits only the cytosol dipeptide hydrolase activity but the particulate dipeptide hydrolase activity is unaffected. Hydroxyproline has only a marginal inhibitory effect on both the activities.
Discussion
The above results clearly show that there are two kinetically distinguishable processes for the transport of glycyl-L-leucine in monkey small intestine. It could be argued that one of the two processes is due to hydrolysis of the dipeptide outside the cell, followed by the transport of free amino acids. But, it has earlier been shown (Das & Radhakrishnan, 1975 ) that a 2 min incubation period (the incubation period employed in this study) is so short that only less than 10% of the dipeptide in the medium is hydrolysed. This was calculated from the concentration of amino acids both inside and outside the tissue. Since the concentration of amino acids in the medium is very low, the rate of entry of the free amino acids will be very small when compared with that of the intact dipeptide. Also, there are two saturable uptake processes for glycylglycine, which is a poor substrate for cytosol as well as brush-border peptidases (unpublished observations). In this case, the concentration of free glycine in the medium after 2 min incubation of the tissue with the dipeptide is negligible. This argument is clearly untenable for glycyl-L-proline, which is not hydrolysed in the brush border (Rubino & Guandalini, 1977) , but which exhibits two saturable uptake processes (Rubino, Field & Shwachman, 1971) . Thus the uptake of glycyl-Lleucine appears to occur by two saturable processes: one with a high apparent aflinity and the other with a low apparent affinity. Most uptake studies have demonstrated the absence of interaction between amino acids and dipeptides during uptake and this has been used as a strong evidence for the existence of independent transport processes for these solutes. However, in recent years, an interaction between amino acids and dipeptides during transport can be inferred from the results obtained in at least four studies (Adibi, 1971; Rubino, Field & Shwachman, 1971; Caspary, 1973; Adibi & Soleimanpour, 1974 ). Adibi presented perfusion data which clearly demonstrated competition for uptake between glycylglycine and leucine. In a later paper by Adibi & Soleimanpour (1974) , an interaction, though less marked, was again noticed. Caspary (1973) reported the effect of the amino acids glycine, leucine and methionine on the uptake of [14Clglycyl-glycine by everted rings of rat small intestine in uitro. The uptake of the dipeptide was inhibited by the amino acids. Finally, Rubino, Field & Shwachman (197 1) have demonstrated inhibition of the influx of the glycine residue from glycyl-Lproline across the rabbit intestinal mucosal border by the amino acids leucine, methionine and phenylalanine. In the subsequent studies, the absence of glycyl-L-proline-hydrolysing activity in the rabbit intestinal brush-border membrane was demonstrated (Rubino & Guandalini, 1977) . This observation clearly shows that the inhibition of the influx of glycine of glycyl-L-proline by free amino acids is not occurring as the result of interaction with brush-border peptide hydrolases.
A systematic study of amino acid-peptide interaction as given in the present paper shows that almost all the amino acids inhibit the uptake of glycyl-L-[ 14C Ileucine. It could be argued that a part of the tissue radioactivity may be due to the uptake of free [14C]leucine resulting from hydrolysis of the dipeptide at the mucosal surface and the observed inhibition by free amino acids is a consequence of interaction of this component of the uptake system. However, the bulk of the available evidence is against such an argument. The lack of group specificity in the inhibition of glycyl-L-I 14C lleucine uptake by amino acids is evident from the observed inhibition by basic, neutral and imino acids. But, if the observed inhibition of glycyl-L-[14Clleucine uptake by amino acids is the result of inhibition of I 14C lleucine uptake, only neutral amino acids would be expected to cause inhibition. Also, accumulation of radioactivity due to uptake of free [14Clleucine will contribute only to a very small extent to the total radioactivity inside the tissue, the bulk of the uptake being in the form of dipeptide. If this component of free amino acid uptake is alone inhibited by the amino acids, the inhibition can never be as high as 5&60%, as is the case with many amino acids. It thus seems possible that there is a direct interaction between the dipeptide and the amino acids during transport.
The role of brush-border and cytosol peptide hydrolases in the transport of peptides is not clear.
The fact that no intact glycyl-L-leucine was detected inside the cell after a very short incubation period of 2 min clearly shows that the dipeptide is rapidly hydrolysed, either during the transport or immediately after its entry into the cell, by the 'master' dipeptidase (Das & Radhakrishnan, 1973) . But, neither of these two hydrolase activities is the site of action of inhibitory amino acids since alanine, proline and glycine, which do not have any inhibitory effect on either of these activities, do inhibit the uptake of glycyl-L-[14Clleucine considerably. Also, aspartic acid, which inhibits both the cytosol and the particulate glycyl-L-leucine hydrolase activities significantly, does not have any effect on the uptake of the dipeptide. Table 3 shows the lack of correlation between the inhibition of glycyl-L-leucine hydrolase activities and glycyl-L-[14Clleucine uptake by free amino acids. Thus it would be reasonable to infer from the data presented here that amino acids interact directly with the dipeptide transport system. Griffith, Bridges & Meister (1978) have provided experimental evidence for the possible existence in viuo of a y-glutamyl cycle in the rat by using a variety of inhibitors of the enzymes of the cycle. Of particular interest is the finding that, in vivo, administration of amino acids and the dipeptide glycylglycine produces marked decline in the amount of intracellular glutathione. y-Glutamyl transpeptidase, the key membrane enzyme of the cycle, can efficiently utilize both amino acids and dipeptides as acceptors (Smith & Heizer, 1977) . The mutual interaction between amino acids and dipeptides and the lack of amino acid group specificity in this interaction observed in the present study may be expected in view of the growing evidence for the possible role of this cycle in the transport of amino acids and peptides (Meister, Tate & Thompson, 1977) .
